The behaviour of microorganisms in urban stormwater should be thoroughly investigated and understood to (a) design treatment technologies that can reduce the human health risks of utilising stormwater and (b) develop models which can accurately predict the levels of microorganisms in urban stormwater to aid in health risk assessments. A crucial part of understanding the behaviour of pollutants in urban stormwater is to determine whether the pollutant experiences higher levels in certain portions of the event (e.g. does the pollutant experience a first flush?). The aim of this paper is twofold: (a) determine if the first flush phenomenon exists for a commonly used microbial indicator, Escherichia coli, and (b) determine whether the presence of a first flush is dependent on antecedent climatic and/or hydrologic characteristics. E. coli data collected from the wet weather flows of four urban catchments around Australia was used in the paper. Cumulative mass versus volume curves were used in conjunction with standard statistical inferences to determine that the first flush phenomenon was not consistently present. Simple and multiple regression analyses were used to determine that a number of antecedent climatic conditions, together with an array of other explanatory variables, significantly explain the degree of the first flush effect for E. coli.
INTRODUCTION
The number one source of pollution in urban estuaries and coastal waters, and a leading source for both lakes and river systems, is stormwater generated from urban surfaces during wet weather periods (Novotny and Olem, 1994; Burton and Pitt, 2002) . Urban stormwater contaminates surface waters with a number of pollutants, including: sediment, nutrients, heavy metals and microorganisms. Burton and Pitt (2002) identified that the main pollutant affecting coastal waters, rivers and urban estuaries in the USA are microorganisms. Ensuring that surface waters are free of microbial pollution is vital since studies have shown increased health risks when using surface waters for recreational purposes (e.g. Haile et al., 1999) .
As such, treating urban stormwater prior to entering recreational waters is very important. In order to treat urban stormwater runoff effectively, it is important to understand the behaviour of the pollutants during wet weather stormwater flows. Many researchers have reported that pollutants can exhibit higher levels in the initial portion of a stormwater runoff event and this phenomenon is commonly referred to as the 'first flush' effect (Duncan, 1995; Saget, 1995; Bertrand-Krajewski et al., 1998; Deletic, 1998) . As a result, various strategies have been formed to help manage urban stormwater pollution by maximising treatment for the initial part of storm events. However, these strategies may be deficient since the first flush of typical stormwater pollutants (e.g. sediment, nutrients etc) is not always observed in urban runoff and has often been reported as sporadic (Duncan, 1995; Saget et al., 1995; Deletic, 1998) . Moreover, the very few studies that have researched the microorganism first flush in urban stormwater runoff have produced contradicting outcomes which renders the validity of the microorganism first flush phenomenon as unclear (Makepeace et al., 1995) .
The aim of this paper is to use data collected from four separate urban stormwater drains in Australia to elucidate whether the first flush phenomenon exists for a commonly used indicator organism, Escherichia coli. This will be done using a variety of techniques, but mainly through the use of cumulative mass versus volume curves and statistical inferences around the percentage of E. coli event load transported by the first 30% of event runoff. Furthermore, a regression analysis will be undertaken to determine whether antecedent climatic conditions and rainfall runoff characteristics influence the occurrence, and magnitude, of the first flush for E. coli.
METHODS

Catchments and data used for analysis
To determine whether a first flush effect of E. coli exists in urban stormwater runoff, an extensive wet weather database collected from four urban catchments in Melbourne, Australia was used (Table 1) . Sites were equipped with Doppler based flow meters and standard tipping bucket rainfall gauges (both logged at 1 minute intervals). Other climatic data required for the paper was obtained from interpolated datasets from the Bureau of Meteorology (www.bom.gov.au). Wet weather samples were withdrawn from stormwater outlets using American Sigma autosamplers which were triggered when a target flow was reached. Samples were taken using flow weighted intervals. Depending on the timing of the event, the samples could remain in non refrigerated autosamplers for up to 24hrs, but usually less than 12hrs, before collection was possible. The effect of this extended storage time was tested and was found to be not statistically significant (McCarthy et al., 2008) . Dry weather samples were also collected on days where there was no rainfall for the previous three days. The collected samples were then transported to a NATA (National Association of Testing Authorities, Australia) approved laboratory for enumeration of E. coli using the Colilert method.
Dimensionless cumulative mass versus volume curves
The first flush effect for stormwater pollutants has been researched by many authors (e.g. Duncan, 1995; Saget et al., 1995; Bertrand-Krajewski et al., 1998; Deletic, 1998; Lee et al., 2002) . As such, there are many different techniques that have been presented in the literature to assess the appearance, and the causes, of the first flush effect. However, the most common approach in the literature, and hence the one used in this paper, is the use of curves of cumulative fractions of pollutant mass versus cumulative fractions of stormwater volumes (e.g. Deletic, 1998; Lee et al., 2002) . These curves are generated using the following equations:
where t is the time from the start of the event (t=0) [dimensionless]
where L T is the total load of E. coli for the event, n represents the n th discrete E. coli sample during the event, t Mn is the time at which this n th discrete sample was withdrawn from the stormwater where n goes from 1 to the number of samples collected in the specific event and M n represents the total load of E. coli transported so far during the event up to the time the n th sample was taken and is calculated as:
where V n is the volume of stormwater [L] which is represented by the n th E. coli sample and C n is the E. coli concentration of the n th stormwater sample [MPN/100mL].
From these curves it is possible to determine the extent to which the first flush effect is occurring. While there are several different approaches of interpreting these curves, they are all based on the same theory: if the initial slopes of these curves show that the incremental load at the start of the event is significantly higher than the incremental volume (i.e. the curve's angle is initially greater than 45°), a first flush may exist.
FF 30 characteristics and observed correlations/trends
To understand the dynamics of the E. coli first flush, it is necessary to choose a calculable definition of the first flush. For example, Deletic (1998) Using FF 30 as the response variable, and the event based variables listed in Table 2 as the explanatory variables, simple linear (R) and non-linear (R l -using logarithmic explanatory variable transforms) regressions were performed and reported. The variables listed in Table 2 were selected based upon previous work done by the author (McCarthy et al., 2007a) and were selected using knowledge around the behaviour of microorganisms in urban stormwater catchments. Only statistically significant regressions were reported in the results and discussion section. However, since many variables were significantly correlated with FF 30 , the following criteria were used when selecting the regressions to present in the results and discussion section:
• eliminate the variables which were not significant (at 90% level) at any of the sites;
• display the variables which achieved the two highest levels of significance at each site for untransformed (linear) models; and, • display the variables which achieved the two highest levels of significance at each site for logarithmic transformed (or non-linear) models (= 1,2,7,14,30) total potential evapotranspiration [mm] in the x days prior to the event 1 Rad x (= 1,2,7,14,30) the mean net radiation [MJ/m 2 ] for the x days prior to the event Rain x (= 2,7,14,30) total rainfall [mm] in the x days prior to the event Sun x (= 1,2,7,14,30) the number of sunshine hours [hrs] in the x days prior to the event Temp x (= 1,2,7,14,30) the mean temperature [°C] for the x days prior to the event 2 VP x (= 1,2,7,14,30) A day's temperature is thought to be modelled well by using the minimum temperature during that day. This was based upon an initial sensitivity study which showed that this gave the highest correlations with E. coli EMCs. Hence, Temp 2 is simply the mean of the minimum temperatures recorded for the two days before the event.
3 The vapour pressure data was recorded once during each day at 0900 and as such VP 2 is the mean of the vapour pressure recorded at 0900 for the two previous days. Figure 1 shows the cumulative fractional E. coli load versus volume curves for each event at each of the four sites. Considering all of the graphs shown in Figure 1 have events which fall both below and above the 1:1 line (dotted), it is evident that no site consistently experiences a first flush effect for all of the monitored events. Looking more closely, it can be seen that the events at the Doncaster site usually occupy the region either very close the 1:1 line, or often above it, indicating that, on average, the E. coli concentrations at the start of an event are usually higher than the concentrations at the end. Moreover, 25% of Doncaster's events have characteristics such that more than 60% of the total event E. coli load is transported in the first 30% of the event's runoff (Figure 1) . While the majority of Narre Warren's events are above the 1:1 line, there are a significant number of events which indicate that a peak in E. coli concentrations are occurring at the end of the events, as opposed to the start of an event. These apparent 'end flushes' could be caused by the intrusion of a highly contaminated water source at the end of an event. In fact, McCarthy et al. (2007) found that all four of the sites used in this paper were highly polluted by failing wastewater systems. As such, it is highly probable that these 'end flushes' are actually caused by the slow movement of wastewater infiltrating the stormwater system. The fact that all events do not experience 'end flushes' is because (a) the event needs to be monitored for a long enough time to capture this slow movement of wastewater into the stormwater system and as such short events would not exhibit this phenomenon and (b) the event needs to have a large enough intensities to effectively move the water from the wastewater system into the stormwater system. 
RESULTS AND DISCUSSIONS
Cumulative mass versus volume curves
FF 30 characteristics
The results in Table 3 confirm what was found in Figure 1 , that the variability of the existence of the first flush for E. coli is quite high. The mean FF 30 values are always above 30% (Table  3) and are usually greater than the median FF 30 value. This indicates that the extreme values of FF 30 are usually present and are often greater than 30% (i.e. it is more likely to get a value that is significantly greater than 30% than one which is significantly less than 30%). The only site to exhibit a statistically significant first flush effect was the Doncaster site (p<0.05).
Both Clayton's and Narre Warren's FF 30 median and mean values are greater than 30% indicating that, on average, events at these sites have higher probabilities of experiencing a first flush than experiencing high concentrations at the end of the events. However, neither of these sites have FF 30 values which were statically significantly greater than 30%, which verifies previous statements that the events at these sites do not experience a consistent first flush effect. It is hypothesized that the cause for high FF 30 values (for example FF 30 can be up to 83% in some catchments) is linked to the deposition of E. coli in the stormwater pipes, and associated crevices, during the antecedent dry weather period (probably from wastewater intrusion -see McCarthy et al., 2007) . The subsequent wet weather event will effectively convey these deposited E. coli to the stormwater event. Furthermore, depending on event characteristics, it is highly probably that the turbulent stormwater flows will remove these 'in-pipe' E. coli within the initial portion of the event thus creating an apparent first flush effect. It is expected that a site which has a high level of E. coli during dry weather periods (see Table 1 ) is going to experience more extreme first flushes because these flows will deposit more E. coli within the pipes (which will then create higher first flushes). To test this hypothesis, a plot of the maximum E. coli level found during dry weather periods versus the maximum FF 30 found at each site was constructed (Figure 2) . Figure 2 shows that as the E. coli levels found in dry weather increase (i.e. the amount of build-up of E. coli in the pipe increases) the maximum FF 30 value increases thus indicating some truth to the aforementioned hypothesis (however more sites should be tested to confirm this hypothesis).
Figure 2.
The trend between the maximum FF 30 value found at a site and the maximum dry weather E. coli concentration found at a site. Table 4 shows the results of the regression analyses between FF 30 and a number of event characteristics. While there were no variables which could significantly explain the variability of FF 30 across all four sites, there were many variables that were statistically correlated with FF 30 . In the majority of instances, the correlation coefficients obtained using untransformed (linear) data (R) were comparable to that using logarithmically transformed (non-linear) explanatory variables (R l ). Furthermore, in but one circumstance, either both linear and non-linear correlations were present for a particular explanatory variable, or both were not present for that variable. These similarities imply there is little preference in choosing between using linear or log-linear relationships for explaining FF 30 .
FF 30 trends
Evaporation (Evap 7 ), temperature (Temp 2 ) and radiation (Rad 14 ) all have a strong positive correlation with E. coli die-off (Crane and Moore, 1986) . Since all these variables are shown to have a positive relationship with FF 30 (Table 4 ) it can be concluded that when a catchment has a small load of E. coli prior to an event (because of the die-off associated with increased temperatures etc), the event will experience a first flush. This is because the initial portion of the event will remove the low level of available E. coli hence creating higher E. coli concentrations at the beginning of the event. between vapour pressure and temperature. As such, the positive correlation between FF 30 and vapour pressure is actually modelling the positive correlation between FF 30 and temperature. Therefore, as antecedent temperatures increase, die-off increases, and a first flush is present because the initial portion of the event's runoff removes the low E. coli load from the catchment. Table 4 shows a negative relationship between FF 30 and event durations and volumes for both Doncaster and Narre Warren, indicating that shorter (and smaller) events have more significant first flush effects. This finding does not agree with that found by other authors investigating the first flush effect for other stormwater pollutants. For example, Deletic (1998) found that the occurrence of a first flush for both conductivity (a measure of the solute in the water) and suspended solids were positively correlated with the duration of rainfall and the total stormwater event volume. The finding by Deletic (1998) agrees with the theory behind the first flush effect which suggests that larger (and longer) events have enough energy to remove the majority of a catchment's available pollutant load, hence producing lower pollutant levels at the end of the event. A possible reason why the opposite effect was found in Table 4 for E. coli is because of the intrusion of wastewater at the end of some stormwater events. As explained previously, large, and long, events are more likely to capture this wastewater intrusion. It follows that events with long durations and large volumes are less likely to experience a first flush since these types of events are more likely to experience wastewater intrusion which will produce high levels of E. coli at the end of the event (therefore lower FF 30 values).
As previously mentioned, Figure 2 showed that the magnitude of the first flush effect was somewhat dependent on the level of E. coli in the dry weather flows. As such, it would be expected that the existence and magnitude of the first flush effect would increase as the antecedent dry weather period increases (i.e. as ADWP increases, the deposition of E. coli in the pipes increases, thus creating a more significant first flush). However, Table 4 did not show any significant correlations between ADWP and FF 30 . It is hypothesised that the method used in this study (and in the majority of other first flush studies), is ill-posed for assessing the E. coli first flush. The traditional method used to assess the presence of a first flush (and the method presented in this paper) compares the initial pollutant concentrations of an event with the concentrations at the end of the event. This poses many problems for assessing the E. coli first flush since the end of an event can have high levels of E. coli due to wastewater intrusion. As such, even if an event experiences a first flush, the occurrence of high E. coli concentrations at the end of the event will mean that the outcome of the 'traditional' first flush method will indicate that a first flush does not exist. Therefore, a new technique should be developed which can accurately assess the first flush of E. coli in urban stormwater and the author is currently assessing different methodologies for this purpose.
CONCLUSIONS
This paper found that the first flush phenomenon for E. coli was not consistently present in stormwaters from four urbanised catchments. In fact, the percentage of E. coli load washed off by the first 30 percent of event runoff (i.e. FF 30 ) was often times far less than 30%, indicating that the opposite of a first flush was occurring (i.e. an end flush). Statistical analyses showed that only one site (Doncaster) had FF 30 values significantly greater than 30%. The paper also investigated whether any event based characteristics were able to explain the existence, and the magnitude, of the first flush for E. coli. Although the variability of the first flush effect was explained by some of the event based explanatory variables, common explanatory variables were not found for all four sites.
